Expression of cardiac and gastric ghrelin messenger (m) RNA, together with heart and body weights, were measured in leptin-deficient (ob) and leptin receptordeficient (db) mice with heart failure induced by viral myocarditis. Significant elevations in cardiac ghrelin mRNA levels and heart weight were observed in ob and db mice 10 days after viral inoculation compared with baseline values. Expression of gastric ghrelin mRNA was not upregulated in ob and db mice on day 10. The elevated expression of cardiac ghrelin mRNA seems to compensate for the lack of upregulation in gastric ghrelin mRNA.
Introduction
Ghrelin is a novel peptide expressed in gut and brain that is involved in the regulation of growth hormone release and food intake. 1 In energy homeostasis, ghrelin acts as a hunger signal, while leptin acts as a satiety signal.
Both ghrelin and leptin regulate neuroendocrine networks. 2 Leptin has been proposed as the signal linking adipose tissue and ghrelin expression. 3 Heart failure has been shown to be associated with impaired leptin regulation, regardless of the aetiology, 4, 5 but no data on the relationship between ghrelin and leptin regulation in heart failure have been reported to date.
Ghrelin-producing cells are most abundant in the oxyntic glands of the stomach, but are also present in intestine, placenta, pituitary gland and heart tissue. 6 -8 Ghrelin receptor messenger (m) RNA is found not only in the hypothalamus and pituitary, but also in the heart and blood vessels. 9 Ghrelin administration is reported to improve cardiac function, 10 but regulation of ghrelin mRNA
has not yet been examined in heart failure.
Viral myocarditis induced by infection
with the encephalomyocarditis (EMC) virus in mice, which results in cardiomegaly and elevation of the heart to body weight ratio, has been shown to be a useful animal model of heart failure. 11, 12 This study aimed to examine the influence of leptin on ghrelin expression in cardiac failure. The expression of ghrelin mRNA was investigated in cardiac and gastric tissues from leptin-deficient and leptin receptor-deficient mice with heart failure induced by viral myocarditis. 13 
Materials and methods

ANIMALS
TREATMENT PROTOCOL
A myocarditic variant of the EMC virus was obtained from Seto (Keio University, Tokyo, Japan). The virus was stored at -80°C in Eagle's minimum essential medium supplemented with 0.1% fetal bovine serum until use.
Animals were inoculated intraperitoneally with 500 plaque-forming units of EMC virus suspended in 0.1 ml of saline. On days 0, 3 and 10 after inoculation of the virus, three mice from each strain were killed. The body weight of each animal was measured and the heart and stomach extracted. The weight of the heart was recorded, and the expression of ghrelin mRNA in cardiac and gastric tissues was determined.
DETERMINATION OF GHRELIN mRNA EXPRESSION
Cardiac and gastric tissue samples were immediately frozen in liquid nitrogen and stored at -120°C. RNA was extracted by reverse transcription-polymerase chain reaction as described previously. 14 The resulting RNA containing polyadenylic regions was purified by oligo(deoxythymidine)-cellulose chromatography and the total RNA concentrations determined by measuring the optical density at 260 nm.
Aliquots of 20 µg RNA from the atria and each ventricle were separated by electrophoresis on 1% agarose/2.3 M formaldehyde gel and transferred to a nitrocellulose filter. Hybridization with cDNA prepared using the multi-priming DNA labelling system method and [α-32 P] deoxycytidine triphosphate (Amersham International, Little Chalfont, UK) was performed at 40°C in the presence of 50% formamide. The cDNA probes used were specific for the structural murine skeletal β-actin gene and the murine ghrelin gene. Autoradiographical signals were evaluated using a scanning densitometer.
Ghrelin mRNA levels were arbitrarily normalized by correcting the relative absorbances of the ghrelin polymerase chain reaction products against the absorbances obtained for glyceraldehyde-3-phosphate dehydrogenase mRNA.
Data were expressed as the number of copies of mRNA per µg of total RNA.
STATISTICAL ANALYSIS
Data are expressed as the mean ± SD. Onetailed analysis of variance was used to evaluate the differences in heart weights and expression levels of ghrelin mRNA at different time-points after inoculation of the virus. A P-value < 0.05 was considered to be significant.
Results
Nine ob mice, nine db mice and 18 wild-type mice (nine for each of the two mutants) were analysed.
HEART WEIGHTS
The cardiac weights in the ob and db mice on day 10 after inoculation were significantly increased compared with those at baseline ( Fig. 1 , P < 0.05 for both ob and db mice). The heart to body weight ratios in the ob and the db group on day 10 were also significantly higher than those at baseline (P < 0.05, data not shown).
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The levels of cardiac ghrelin mRNA in ob mice on day 10 were significantly higher than those at baseline (P < 0.05; Fig. 2A ), whereas the levels of gastric ghrelin mRNA in ob mice on day 10 were significantly decreased compared with those at baseline (P < 0.05; Fig. 2B ).
The expression of cardiac ghrelin mRNA was significantly upregulated in the db mice on day 10 compared with baseline levels (P < 0.05; Fig. 2A ). Levels of gastric ghrelin mRNA, however, were not altered on day 10 compared with those at baseline (Fig. 2B) .
Discussion
Viral myocarditis may lead to congestive heart failure (CHF) with cachexia. Cardiac cachexia, a catabolic state characterized by weight loss and muscle wasting, occurs frequently in patients with end-stage CHF 15 -17 and is a strong independent risk factor for mortality in patients with CHF. 17 The animal model used in the present study has been shown to be associated with a decrease in body weight and higher mortality on day 10 after viral inoculation. 13 Since ghrelin is known to play a role in the regulation of metabolic balance and prevention of cardiac cachexia, upregulation of cardiac ghrelin mRNA may be involved in the compensatory mechanism of ghrelin regulation in the leptin-deficient and leptin receptor-deficient states.
The effects of ghrelin on cardiac function have been reported in a number of studies. 9, 10 Administration of ghrelin significantly decreased the mean arterial pressure without a significant change in heart rate in healthy volunteers. 9 It increased the cardiac output, possibly as a result of a decrease in systemic vascular resistance; ghrelin receptor mRNA has been detected in tissue from the aorta, left ventricle and atrium in rats. 9 The cardiac effects of ghrelin may in part be mediated 505 -ATP and thereby enhance myocardial contractility. 18 Treatment with ghrelin was associated with an increase in left ventricular posterior wall thickness and inhibition of progressive ventricular enlargement, thereby reducing ventricular wall stress in rats with heart failure. 10 Histological analysis has demonstrated that ghrelin induced a cardiac hypertrophic response without the development of significant fibrosis. Growth hormone has also been shown to enhance physiological compensatory cardiac hypertrophy in rats after myocardial infarction, resulting in a decrease in left ventricular wall stress and improved cardiac function. 19 The improvement in cardiac function produced by ghrelin may be the result of its vasodilatory effects and the release of growth hormone. Ghrelin mRNA levels in the stomach have been shown to be increased after the administration of leptin, and db mice had lower ghrelin mRNA levels than wild-type mice. 20 This is consistent with the data from the present study. Leptin and ghrelin both have a regulatory role in maintaining energy balance. Leptin concentrations may be associated with ghrelin levels in CHF. 3 Circulating ghrelin levels are decreased in human obesity. 21 Hyperleptinaemia has been shown to prevent the expected increase in plasma ghrelin concentrations during shortterm moderate caloric restriction in lean adult rats. 22 The satiety-inducing effects of leptin include suppression of gastric orexigenic signals and disruption of a potential feedback mechanism between body weight changes and plasma ghrelin levels. 22 Ghrelin secretion is triggered as a hunger signal in conditions of energy deficiency to prevent cachexia. Leptin is a hormone produced in adipose tissues and mice with mutations affecting the function of leptin, such as ob and db mice, develop obesity. 23 In summary, our study demonstrated that cardiac ghrelin mRNA was upregulated in leptin-deficient (ob) and leptin receptordeficient (db) mice with viral myocarditis 10 days after inoculation with the EMC virus. In contrast, gastric ghrelin mRNA was downregulated on day 10 in the same mice. We suggest that elevated expression of cardiac ghrelin mRNA may compensate for the lack of upregulation in gastric ghrelin mRNA.
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